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42Lancaster University, Lancaster, United Kingdom
43Imperial College, London, United Kingdom

44University of Manchester, Manchester, United Kingdom
45University of Arizona, Tucson, Arizona 85721, USA

46Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
47California State University, Fresno, California 93740, USA
48University of California, Riverside, California 92521, USA
49Florida State University, Tallahassee, Florida 32306, USA

50Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
51University of Illinois at Chicago, Chicago, Illinois 60607, USA

52Northern Illinois University, DeKalb, Illinois 60115, USA
53Northwestern University, Evanston, Illinois 60208, USA
54Indiana University, Bloomington, Indiana 47405, USA

55University of Notre Dame, Notre Dame, Indiana 46556, USA
56Purdue University Calumet, Hammond, Indiana 46323, USA

57Iowa State University, Ames, Iowa 50011, USA
58University of Kansas, Lawrence, Kansas 66045, USA

59Kansas State University, Manhattan, Kansas 66506, USA
60Louisiana Tech University, Ruston, Louisiana 71272, USA

61University of Maryland, College Park, Maryland 20742, USA
62Boston University, Boston, Massachusetts 02215, USA

63Northeastern University, Boston, Massachusetts 02115, USA
64University of Michigan, Ann Arbor, Michigan 48109, USA

65Michigan State University, East Lansing, Michigan 48824, USA
66University of Mississippi, University, Mississippi 38677, USA

67University of Nebraska, Lincoln, Nebraska 68588, USA
68Princeton University, Princeton, New Jersey 08544, USA

69State University of New York, Buffalo, New York 14260, USA
70Columbia University, New York, New York 10027, USA

71University of Rochester, Rochester, New York 14627, USA
72State University of New York, Stony Brook, New York 11794, USA

73Brookhaven National Laboratory, Upton, New York 11973, USA
74Langston University, Langston, Oklahoma 73050, USA

75University of Oklahoma, Norman, Oklahoma 73019, USA
76Oklahoma State University, Stillwater, Oklahoma 74078, USA

77Brown University, Providence, Rhode Island 02912, USA
78University of Texas, Arlington, Texas 76019, USA

79Southern Methodist University, Dallas, Texas 75275, USA
80Rice University, Houston, Texas 77005, USA

81University of Virginia, Charlottesville, Virginia 22901, USA
82University of Washington, Seattle, Washington 98195, USA

(Received 8 December 2006; published 31 May 2007)

We search for the technicolor process p �p! �T=!T ! W�T in events containing one electron and two
jets, in data corresponding to an integrated luminosity of 390 pb�1, recorded by the D0 experiment at the
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Fermilab Tevatron. Technicolor predicts that technipions �T decay dominantly into b �b, b �c, or �bc,
depending on their charge. In these events b and c quarks are identified by their secondary decay vertices
within jets. Two analysis methods based on topological variables are presented. Since no excess above the
standard model prediction was found, the result is presented as an exclusion in the �T vs �T mass plane
for a given set of model parameters.

DOI: 10.1103/PhysRevLett.98.221801 PACS numbers: 12.60.Nz, 13.85.Rm

Technicolor (TC), first formulated by Weinberg and
Susskind [1,2], provides a dynamical explanation of elec-
troweak symmetry breaking through a new strong
SU�NTC� gauge interaction acting on new fermions, called
‘‘technifermions.’’ TC is a non-Abelian gauge theory mod-
eled after quantum chromodynamics (QCD). In its low-
energy limit, a spontaneous breaking of the global chiral
symmetry in the technifermion sector leads to electroweak
symmetry breaking. The Nambu-Goldstone bosons pro-
duced in this process are called technipions �T , in analogy
with the pions of QCD. Three of these technipions become
the longitudinal components of the W and Z bosons, mak-
ing them massive. An additional gauge interaction, called
extended TC [3], couples standard model (SM) fermions
and technifermions to provide a mechanism for generating
quark and lepton masses.

Extensions of the basic TC model tend to require the
number ND of technifermion doublets to be large. In gen-
eral, the TC scale �TC � O�1� � FTC, where FTC is the
technipion decay constant, depends inversely on the num-
ber of technifermion doublets: FTC � 246 GeV=

�������
ND
p

. For
large ND, the lowest lying technihadrons have masses on
the order of a few hundred giga-electron-volts. This sce-
nario is referred to as low-scale TC [4]. Low-scale TC
models predict the existence of scalar technimesons, ��T
and �0

T , and vector technimesons, �T and !T .
General features of low-scale TC have been summarized

in the TC strawman model [5,6]. The analysis presented in
this Letter is based on Ref. [6]. Previous searches [7] for
TC have been carried out by CDF and DELPHI experi-
ments. Because of changes in the model, they cannot be
directly compared to the results presented in this Letter.
The previous CDF result was based on Ref. [4] which did
not consider the decay �T=!T ! G�T , whereG is a trans-
versely polarized electroweak gauge boson (�, Z0, orW�).
Inclusion of this decay in Refs. [5,6] leads to a decrease in
the �! W�T rate. The DELPHI experiment used Ref. [5]
in which the cross sections, while appropriate for narrow
�T production in �qq collisions, are incorrect for off-
resonance production in e�e� collisions such as at LEP
(see Ref. [8]).

Vector technimesons are expected to be produced with
substantial rates at the Fermilab Tevatron Collider via the
Drell-Yan-like electroweak process p �p! �T � X or
!T � X. They decay to a gauge boson (�;W; Z) and a
technipion or to fermion-antifermion pairs. The production
cross sections and branching fractions depend on the
masses of the vector technimesons, M��T� and M�!T�,

on the TC charges of the technifermions, on the mass
differences between the vector and scalar technimesons,
which determine the spectrum of accessible decay chan-
nels, and on two mass parameters, MA for axial-vector and
MV for vector couplings. The parameter MV controls the
rate for the decay �T , !T ! �� �T and is unknown
a priori. Scaling from the QCD decay �, !! �� �0,
the authors of Ref. [6] suggest a value of several hundred
giga-electron-volts. We set MA � MV , and evaluate the
production and decay rates at two different values: 100
and 500 GeV. For all other parameters, we use the default
values quoted in Table III of Ref. [6]. The cross sections for
�T and �T production at the Tevatron in the mass range of
a few hundred giga-electron-volts are expected to be in the
range of 2 to 10 pb. Technipion coupling to the SM
particles is proportional to their masses, and thus they
predominantly decay into b �b, b �c, or �bc, depending on their
charge.

In this Letter, we describe a search for the decay of
vector technimesons toW�T , followed by the decaysW !
e� and �T ! b �b, b �c, or c �b. In the D0 detector, which is
described in detail in Ref. [9], the signature of this process
is an isolated electron and missing transverse momentum
( 6pT) from the undetected neutrino from the decay of the W
boson, and two jets of hadrons coming from the fragmen-
tation of the quarks from the decay of the technipion. Jets
are reconstructed using the run II cone algorithm [10] with
a cone size of 0.5. We search for events with this signature
in the data collected with a single electron trigger until
July 2004 and corresponding to an integrated luminosity of
388� 25 pb�1 [11].

There are a number of SM processes that can result in
the same final state signature as W�T production. Vector
boson production in association with jets is the dominant
background. Z boson production can be suppressed by
vetoing on a second electron and requiring significant
6pT . Most of the jets in W � jets events originate from the
fragmentation of light quarks or gluons and therefore
requiring the explicit identification of at least one jet
from the fragmentation of a b or c quark suppresses this
background, leaving only W � b �b, W � b, W � c �c, and
W � c events. Top-antitop pair production, followed by the
decay to t! e�b, is another background. It has an addi-
tional lepton, or three jets from the second top quark, and
can be reduced by selecting events with exactly two jets.
Single top quark production is an irreducible background,
but it has a smaller cross section. We simulate all these
processes using either PYTHIA [12] or ALPGEN [13]
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Monte Carlo (MC) generators, followed by the D0 detector
simulation based on GEANT [14]. Quark hadronization and
fragmentation is simulated using PYTHIA.

The multijet background is due to events with poorly
measured jets, resulting in missing momentum and a jet
that is misidentified as an electron. Background from the
mistagged W � jets process originates from events in
which a light-quark or gluon jet is incorrectly identified
as a b jet. These instrumental background contributions are
estimated from the same data sample before requiring the
identification of a b jet.

We select events in which there is exactly one well-
identified electron based on tracking and calorimeter data
with transverse momentum pT > 20 GeV and pseudora-
pidity j�j< 1:1 [� � � ln	tan��=2�
, � is the polar angle
with respect to the proton beam]. There must be significant
6pT , measured in two ways: 6pobj

T > 20 GeV computed as
the negative sum of the jet momentum vectors and the
electron momentum vector and 6pT > 20 GeV which also
includes the calorimeter energy deposit not assigned to the
electron or the jets. We require the transverse mass
MT�e��> 30 GeV. We further require the presence of
exactly two jets with pT > 20 GeV and j�j< 2:5.

To further reduce backgrounds, we take advantage of the
long lifetime of b flavored hadrons. Tracks from the decay
products of b hadrons may not project back to the proton-
antiproton collision, but have a significant impact parame-
ter. Any pair of tracks, with distance of closest approach d
between the track and the beam line divided by its uncer-
tainty d=��d�> 3, is used as a seed for secondary vertices
[15]. Additional tracks are attached iteratively to the seed
vertices if their �2 contribution to the vertex fit is consis-
tent with originating from the vertex. A jet is considered b
tagged when there is at least one secondary vertex, with a
decay length projected into the plane transverse to the
beam line (Lxy) divided by its uncertainty Lxy=��Lxy�>

7 within �R �
���������������������������������
����2 � ��	�2

p
< 0:5 of the jet axis. We

require at least one jet to be b tagged. This leaves us with
117 events in our final data sample.

The expected background event yields are listed in
Table I. When estimating these yields, each MC event is
weighted by the probability that at least one jet is tagged as
a b jet. The tagging probability is parametrized as a func-
tion of jet flavor, jet pT , and �. The efficiency of tagging a
jet from the fragmentation of a b quark is derived from
collider data which were enriched in their b jet contents by
requiring a muon to be reconstructed within at least one jet
to preferentially select jets with semileptonic b decays.
The probability of tagging a c jet is derived from the
tagging probability for b jets by multiplying by the ratio
of tagging probabilities for c and b jets derived from MC
simulations. We derive the probability to tag a light-quark
or gluon jet from a set of dijet events, corrected for con-
tamination by c and b jets. The MC events are also
weighted by the ratios of jet and electron finding efficien-

cies in MC and collider data. Electron finding efficiencies
are measured in Z! ee events in both data and MC
simulations.

We use the PYTHIA event generator to simulate signal
events, modeling initial state and final state radiation,
fragmentation, and hadronization. To generate W�T signal
events for a range of values of the technimeson masses, we
use a fast, parametrized detector simulation that was tuned
to reproduce the kinematic distributions and acceptances
from events simulated with the detailed GEANT-based de-
tector simulation. For the cross section calculations,
CTEQ5L [16] parton distribution functions are used.
Finally, as is appropriate for this Drell-Yan-like process,
the cross section is multiplied by a K factor of 1.3 to
approximate next-to-leading order contributions to the
cross section [17]. We generate events with �T masses
from 160 to 220 GeV and assume M�!T� � M��T�. The
�T mass values start at the kinematic threshold for W�T
production at M��T� � M��T� �M�W� and go down to
M��T� � M��T�=2–5 GeV where the decay channel
���0�T ! ���0;��T �0�0;��

T is accessible, reducing the branch-
ing fraction of ���0�T ! W�T .

At this point our data sample is still dominated by
background. We therefore use additional variables that
characterize the topology of the events to discriminate
between signal and background. These variables are the
azimuthal angle difference between the two jets �	�j; j�,
the azimuthal angle difference between the electron and
the 6pT , �	�e; 6pT�, the transverse momentum of the dijet
system pT�jj�, the scalar sum of the transverse momenta of

TABLE I. Number of events observed in the data and expected
from signal and background sources after the kinematic selec-
tion; only statistical errors are reported. For the expected number
of signal events quoted we assume M��T� � 210 GeV and
M��T� � 110 GeV.

Final data sample 117

Signal
�T=!T ! W � �T ! e�b �b (MV � 100 GeV) 11:1� 0:1
�T=!T ! W � �T ! e�b �b (MV � 500 GeV) 17:1� 0:2

Physics background
t�t! ‘�bq �q �b 7:9� 0:5
t�t! ‘��b‘�� �b 14:1� 0:3
W� ! tb! e�b �b or 
�b �b 3:5� 0:1
tqb! e�b �b or 
�b �b 4:3� 0:1
W�! e�� � heavy flavor 56:4� 4:2
WZ! e�b �b 1:10� 0:02
Z�! e�e�� 0:5� 0:4
Z�! e�e�� � b �b 0:60� 0:03

Instrumental background
Multijet events 16:3� 3:2
Mistagged W�! e�� � jets 10:3� 0:3

Total background 115:1� 5:4
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the electron and the two jets He
T , the invariant mass of the

dijet system M�jj�, and the invariant mass of the W boson-
dijet system M�Wjj�. The TC particles are expected to
have narrow widths (�1 GeV). We should therefore see
enhancements in the distributions of M�jj� and M�Wjj�,
consistent in width with the detector resolution.M�jj�, cor-
responding to the reconstructed �T mass, and M�Wjj�,
corresponding to the reconstructed �T mass, are shown in
Fig. 1. We reconstruct the W boson from the electron and
the missing transverse momentum using the W boson mass
constraint to solve for pz of the neutrino. If there are two
real solutions, we take the smaller value of neutrino jpzj. If
there is only a complex solution, we take the real part. We
use two approaches to separate signal and background, a
cut-based analysis and a neural network (NN) analysis.

The cut-based analysis is optimized using MC simula-
tions to maximize the ratio S=

����
B
p

for every set of techni-
meson mass values. S is the expected number of W�T
events and B is the expected number of background events.
For each topological variable, the S=

����
B
p

ratio is evaluated

as a function of the value of the variable to determine a set
of lower, upper, or window cuts which maximizes this
ratio. The NN analysis uses the topological variables He

T ,
�	�e; 6pT�, �	�jj�, pT�jj�, the transverse momenta of
both jets and of the electron and 6pT . A two-stage NN based
on the multilayer perceptron algorithm [18] is used. The
first stage consists of three independent networks which are
trained to reject the three main backgrounds, top quark
production, W � b �b production, and all other W � jets
production including heavy flavors. Each of these three
networks has eight input nodes and one hidden layer with
24 nodes. The second stage network has three input nodes,
connected to the outputs of the three networks in the first
stage, and one hidden layer with six nodes. The second
stage network is trained using all nine physics background
processes. The networks are trained separately for each set
of TC mass values. We then apply the trained neural net-
works to the collider data, TC signals, and physics and
instrumental backgrounds to obtain the discriminator out-
put spectra. We optimize the discriminator cut for every set
of techniparticle masses to maximize S=

����
B
p

.
In Table II, we list the number of observed events, the

background estimation, and the signal expectation for both
analysis techniques. The data presented in this table are
after all cuts for the cut-based analysis and with a loose cut
on NN discriminant for the NN analysis. We note that there
is no excess in our data over the expected background. We
compute upper limits on the �T ! W�T ! e�b �b� �c� pro-
duction cross section times branching fraction. The uncer-
tainties in the background event yields total to 10%–12%
and the uncertainty in the signal selection efficiency is 10%
(20%) for the cut-based analysis (NN analysis). The largest
contributions to the systematic uncertainties on the back-
ground are due to jet reconstruction efficiency (4.2%), jet
energy scale (3.1%), background modeling (4%), and
b-tagging efficiency (1.3%). For the signal, the systematic
uncertainties stem from similar sources: jet energy scale

TABLE II. Summary of the analyses for a few M��T� and M��T� combinations. Nobs is the number of events observed in the data,
NB is the estimated background, �sig is the total efficiency for the signal. �theory is the theoretical prediction, while �limit

exp and �limit are
the expected and observed 95% C.L. upper limits for ��p �p! �T � X ! W�T� � BR�W ! e��, respectively, for MV � 500 GeV.

M��T; �T� (GeV) �sig (%) Nobs NB �theory (pb) �limit
exp (pb) �limit (pb)

Cut-based analysis
180, 90 2:7� 0:3 15 11:9� 0:9 1.24 0.92 1.22
185, 100 2:5� 0:3 10 7:5� 0:6 0.75 0.86 1.08
195, 100 3:3� 0:3 12 16:0� 1:2 0.95 0.82 0.58
205, 115 3:4� 0:4 9 10:1� 0:8 0.60 0.66 0.59
210, 110 3:8� 0:4 13 16:1� 1:2 0.70 0.72 0.56

Neural network analysis
170, 85 3:8� 0:7 42 39:5� 9:8 1.2 0.77 0.95
175, 90 4:0� 0:8 36 35:6� 9:3 1.10 0.68 0.75
180, 90 3:6� 0:7 26 25:7� 7:8 1.24 0.66 0.82
205, 115 4:6� 0:9 20 21:7� 7:2 0.60 0.49 0.57
210, 110 4:3� 0:8 20 21:7� 7:2 0.70 0.53 0.60

 

FIG. 1 (color online). Distributions of M�jj� and M�Wjj� after
final kinematic selection. The W�T signal is shown for M��T� �
210 GeV and M��T� � 110 GeV. Arrows at the bottom indicate
the cuts applied in the cut-based analysis for the signal mass
point shown.
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(11.7%), jet resolution (9%), jet reconstruction efficiency
(7.2%), b-tagging efficiency (6.5%), and from the differ-
ence between fast and fully simulated detector MC events
(5.4%).

In the cut-based analysis, which is a simple counting
experiment, we compute an upper 95% C.L. limit on the
signal using Bayesian statistics [19]. The NN analysis
performs a maximum likelihood fit of the data in the
M��T�;M��T� plane to signal and background expecta-
tions. The backgrounds are constrained to their expected
values within statistical and systematic uncertainties. The
95% C.L. upper limit on the signal cross section is then
determined by the number of signal events below which
lies 95% of the integral over the resulting likelihood func-
tion. In Table II, the limits for a few representative mass
points are shown.

The expected sensitivity and the regions excluded at
95% C.L. by both analyses in the M��T�;M��T� plane
forMV � 500 GeV are shown in Fig. 2. Exclusion contour
extends beyond the �T�T production threshold because
there is still some rate for W�T final state. For MV �
100 GeV, only a small region around M��T� � 190 GeV
and M��T� � 95 GeV can be excluded. We note from
Fig. 2(a) that the expected sensitivity of the NN analysis
is better than that of the cut-based analysis, as indicated by
the larger 95% C.L. exclusion region. We quote the ob-
served 95% C.L. exclusion region in the M��T�;M��T�
plane in Fig. 2(b) by the NN analysis as our measurement.
(Consistent scaling of luminosity and background prior to
optimization, using the new D0 luminosity [20], will lead
to somewhat better limits. Nevertheless, we choose to keep
the analysis consistent with the previous estimate of the
luminosity value [11].) Although differences in the em-
ployed TC models, as stated in the introduction, preclude a
direct comparison with previous searches [7], the current
search achieves a higher sensitivity to the considered phys-
ics process.
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FIG. 2 (color online). Expected region of exclusion (a) and
excluded region (b) at the 95% C.L. in the M��T�;M��T� plane
for �T ! W�T ! e�b �b� �c� production with MV � 500 GeV.
Kinematic thresholds from W�T and �T�T are shown on the
figures.
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